Immune response and reproductive success are two of the main energy-consuming processes in living organisms. However, it is unclear which process is prioritized when both are required. Therefore, the present study was designed to examine this question using one of the world's most destructive agricultural pests, the migratory locust Locusta migratoria. Transcripts from the ovaries and fat bodies of newly emerged locusts were analyzed, using RNA-seq based transcriptome and qualitative real-time PCR, at 4 h and 6 d after being infected with the gram-positive bacteria Microcroccus luteus, and changes in the main biological pathways involved in reproduction and immunization were analyzed using bioinformatics. At 4 h after infection, 348 and 133 transcripts were up-and down-regulated, respectively, whereas 5699 and 44 transcripts were up-and down-regulated, respectively, at 6 d after infection. Meanwhile, KEGG analysis indicated that vital pathways related with immunity and reproduction, such as Insulin resistance, FoxO signaling, Lysosome, mTOR 2
Introduction
Insects are the most successful group of animals on earth, owing, at least in part, to the effectiveness of their immune response to microbial invasion, and the immune responses of insects to pathogenic infection include both humoral and cellular immunity. Humoral immunity mainly includes the synthesis of antimicrobial peptides (AMPs) in the fat body and is primarily based on the Toll and Imd signaling pathways, which play important roles in AMP expression, as well as on the interaction between the two pathways (Ferrandon et al., 2007; Viljakainen L, 2015) . Meanwhile, cellular immunity includes hemocyte-mediated phagocytosis, encapsulation, and nodulation. The melanization of macroparasites triggered by hemocytes participating in phagocytosis or phenoloxidase cascade activation are hallmarks of cellular response (Kirschman LJ et al., 2017) . Furthermore, the JNK and JAK/STAT pathways also contribute to the immune response (Uvell H et al., 2007) . During these immune processes, insects must invest energy and resources to survive against a variety of pathogens.
Recently, the reproduction process of female insects has been thoroughly studied as an important target for pest control (Roy S et al., 2017) . The process is mainly regulated by juvenile hormones (JH), ecdysteroids, and nutritional signaling pathways, and differs among insect species owing to differences in reproductive strategies . In most insect species, the central part of female reproduction is vitellogenesis, which includes the production of both vitellogenin (Vg) and other yolk protein precursors (YPPs), followed by the internalization of YPPs by maturing oocytes via receptor-mediated endocytosis (Swevers L et al., 2005) . Depending on tissue type, sex, and developmental stage, Vg is synthesized extra-ovarially by the fat body, secreted into the hemolymph, and then sequestered by competent oocytes via receptor-mediated endocytosis (Swevers L et al., 2005) .
Vitellogenin is stored in a crystalline form, as vitelline, after being incorporated into oocytes, where it functions as a reserve food source for future embryos (Tufail M et al., 2008) . The reproductive process may be affected by energy metabolism, nutrient metabolism, and fitness value. In Locusta migratoria (Orthoptera), female reproduction is governed by JHs, which contribute to vitellogenesis and oocyte maturation (Luo M et al., 2017) .
Although both reproduction and the ability to survive pathogenesis are essential functions, the evolution of life history is a matter of optimization, rather than maximization, so that organisms must partition limited energy and nutritional resources among a variety of life processes. The trade-off between female insect reproduction and immunity has been reported in recent years (Schwenke RA et al., 2016) . Because both immunity and reproduction are physiological energy-consuming processes, increasing reproduction effort reduces immune ability, whereas immune system activation reduces reproductive output (Stearns SC, 2000) . The locust is one of the most important agricultural pests worldwide.
Based on the study of the trade-off between immunity and reproduction, it is interesting to identify genes that are involved in both reproduction and immunity, to clarify the internal regulatory mechanism of such genes, and to identify the best biological target for pest control.
However, little research has been conducted on the trade-off between immunity and reproduction in locusts. In the present study, the gram-positive bacteria Micrococcus luteus was used to infect newly emerged locusts. The fat body and ovary, which are the main organs involved in immunity and reproduction, were dissected at 4 h and 6 d after parasitism.
Differentially expressed genes (DEGs) analysis based on next-generation RNA-seq technology provides extensive data, with enormous depth and coverage, thereby allowing the global analysis of a parasitized host's transcription profile. To identify immunity-and reproduction-related genes that were differentially up-or down-regulated in the infected locusts, the present study compared the fat body and ovary transcripts of (1) the control and infected locusts at 4 h after treatment, (2) the control and infected locusts at 6 d after treatment, (3) the control locusts at 4 h and 6 d after treatment, and (4) the infected locusts at 4 h and 6 d after treatment. Bioinformatic analysis and qRT-PCR verification were used to predict and explore genes involved in immunity and reproduction, as well as to identify the molecular mechanisms underlying energy and resources trade-off in L. migratoria.
Materials and Methods

Insect Rearing and Experimental Treatments
Eggs were collected from L. migratoria that were maintained in the insect laboratory of Hang Zhou Normal University (Zhejiang Province, China). The locust models were established by rearing the insects in each well-ventilated cage (50 × 50 × 50 cm) at densities of 200-300 insects per cage. The insects were reared using a 16 h photoperiod at 30 ± 1°C and were fed a diet of fresh greenhouse-grown wheat seedlings (Ma Z et al., 2011; Wu R et al., 2012) . Female locusts were collected and subject to parasite treatments within 12 hours after eclosion. The treated group was infected with the bacterial pathogen M. luteus (American Type Culture Collection, Manassas, VA, USA), which had been cultured to the logarithmic phase, according to the manufacturer's instructions, by injecting the pronotum of 6 each locust with 10 μl of bacterial culture (0.9 optical density at 600 nm) using a nanofil syringe (Shenggong, Shanghai, China). Meanwhile, the pronotum of each locust in the control group was stabbed using an alcohol-sterilized needle. For both the treatment and control groups, the wounding site of each insect was sealed using petroleum jelly to prevent exogenous natural infection. A diet of wheat seedlings and wheat bran was supplied in sufficient, but not excessive, amounts. Fat bodies and ovaries were collected from females in each group at 4 h and 6 d after injection, respectively, with two biological replicates per group. Furthermore, 30 ovaries from females in each group were dissected and weighed.
cDNA Library Construction and High-Throughput Transcriptome
Sequencing
Trizol (Invitrogen, Los Angeles, CA, USA) was used to extract total mRNA from mixed tissue samples (fat body and ovary) taken from individuals from the control and treated groups and each time point us ing, following the manufacturer's procedure. The quantity and purity of the total RNA were measured using a Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (RIN>7.0; Agilent, CA, USA). Poly(A) mRNA was isolated from ~10 μg of each total RNA sample using poly-T oligos attached to magnetic beads (Thermo-fisher, MA, USA). The isolated mRNA was fragmented using divalent cations under elevated temperature and then used to construct a cDNA library, following the protocol for the Illumina RNA ligation-based method (Illumina, San Diego, CA, USA). Briefly, the fragmented RNA was dephosphorylated at the 3' end using phosphatase and phosphorylated at the 5' end using polynucleotide kinase. These samples were purified using the RNeasy MinElute Kit (Qiagen, 7 Dusseldorf, Germany), following the manufacturer's instructions, ligated to a pre-adenylated 3' adapter, which enabled the subsequent ligation of a 5' adapter, and then subject to both reverse transcription and PCR. The average insert size for the paired-end libraries was 300 bp (±50 bp). Finally, the library was subject to single-end sequencing using an Illumina Hiseq 2000 by LC Sciences (Houston ,TX, USA), following the vendor's recommended protocol.
Bioinformatic analysis
Raw data was filtered using Trimommatic software with default parameters. The clean reads that were mapped to the L. migratoria genome database (http://locustmine.org/index.html) were annotated using Locust Base-locust genome data, GO, KEGG, Nr, Nt, and Swissport. 
Quantitative Real-Time PCR Analysis
Fifteen genes were selected to verify the RNA-seq data. Primer 5.0 was used to identify appropriate primers (Sup Table 1 ), and the expression levels of the selected genes were normalized using the expression of actin. Quantitative real-time PCR (qRT-PCR) was performed using a Bio-Rad CFX96 Real-Time PCR Detection system (Bio-Rad, CA, USA) 8 and Premix Ex Taq (SYBR Green) reagents (Takara, Dalian, China). The 20-μl qRT-PCR reactions were subject to a thermal profile of 95 °C for 3 min and then 40 cycles of 95 °C for 10 s and 60 °C for 30 s. The thermal melting profile was assessed using a final PCR cycle of 95 °C for 30 s, with temperature increasing constantly from 60 to 95 °C. Relative gene expression levels were calculated using the 2 -∆∆CT method, with three replicates per sample.
Results
Changes of ovaries in infected group and RNA-seq Library Analysis
We compared the weight of ovaries in infected group with control group. The weight of ovaries in infected group was significantly lighter than in control group (Fig 1) . In RNA-seq experiment, we obtained single end reads with the quality high enough for the gene expression analysis subsequently (Table 1 ). In order to investigate patterns of gene expression related to locust immunity and reproduction, we analyzed control and infected groups at two time points, with two biological replicates each (eight samples in total). The L. migratoria, Nr, Nt, SwissProt, GO, and KEGG databases were used to annotate the transcripts ( Table 2 ). Most of the mRNAs had low RPKM values, typically between 30 and 80 ( Table 3) . 
DEGs Analysis
First, the infected and control libraries for each time point were compared (Ml4 vs CK4 and Ml6 vs CK6) to identify genes that are differentially expressed at different times of infection.
At 4 h after treatment, 348 and 133 genes were up-and down-regulated, respectively, in the infected group (Sup Table 2 ), and at 6 d after treatment, 5699 and 44 were up-and down-regulated (Sup Table 3 ). Secondly, the times points for the control and infected libraries were compared (CK6 vs CK4 and Ml6 vs Ml4) to identify genes that are differentially expressed during infection. For the control group, 24 and 1406 genes were upand down-regulated, respectively, at 6 d after treatment, when compared to 4 h after treatment (Sup Table 4 ), and for the treatment group, 146 and 48 were up-and down-regulated (Sup Table 5 ). The number of the DEGs was summarized as columnar ( Fig   2) . All the DEGs were clustered to produce heat maps, the two replications of controls and treatments were clearly divided into two main clusters (Fig 3) . 
GO and KEGG Analysis
For the up-regulated GO terms related to immunity ( Fig 4A, Sup Table 6 ), the most frequently mapped transcripts were 'catalytic activity' and 'response to oxidative stress.' In addition, a large number of transcripts were also mapped to functional groups related to For the up-regulated transcripts mapped pathway ( Fig 4B, Sup Table 7 ), 10 of them were involved in immunity and reproduction by the screening criteria of number of mapped transcripts was more than three: 'Endocytosis,' 'Phagosome,' 'FoxO signaling pathway' ( Fig   6) , 'Lysosome' (Sup Fig 1) , 'Insulin resistance' (Fig 7) , 'mTOR signaling pathway' (Sup Fig   2) , 'Regulation of autophagy,' 'Toll-like receptor signaling pathway,' 'Insulin signaling pathway,' and 'Insect hormone biosynthesis.' At 4 h after treatment, the 'Phagosome' pathway (Sup Table 8 ) was up-regulated in the infected group. In the control group, five down-regulated pathways were identified as involved in immunity and reproduction, including 'Endocytosis,' 'Lysosome,' 'Phagosome,' 'FoxO signaling pathway,' 'mTOR signaling pathway.' (Fig 5B, Sup Table 9 ). In the infected group, no pathways related to immune or reproduction were differentially expressed at 6 d after treatments, when compared to 4 h after treatment (Sup Table 10 ). 
Immunity-and Reproduction-Related Transcripts
The GO and KEGG analyses failed to identify any significant differences between the control and infected groups at 4 h after treatment. Therefore, in searching for genes involved in reproduction and immunity, we mainly selected significantly expressed genes in Ml6 vs CK6 group.
Of the transcripts up-regulated at 6 d after treatment, 22 were annotated as immunity-related genes (Table 4) 
qRT-PCR Validation of DEGs
Fifteen DEGs involved in either immunity or reproduction were randomly selected to verify the accuracy of the RNA-seq data using qRT-PCR. The qRT-PCR results validated the expression of thirteen genes (Fig 8) . The differentially expression of one was not significant, while another was down-regulated. The overall trends of most of the genes were consistent, which indicated that the DGE results were reliable enough to interpret scientific problems we focused in this study ( Table 5 ). 
Discussion
Resource trade-offs between immunity and reproduction may arise as a consequence of direct physiological conflicts between the two processes (Schwenkr RA et Sup Table 1 . qRT-PCR primer sequences.
Sup Table 2 . Genes that were differentially expressed in infected and control locusts at 4 h after treatment.
Sup Table 3 . Genes that were differentially expressed in infected and control locusts at 6 d after treatment.
Sup Table 4 . Genes that were differentially expressed in control locusts at 4 h and 6 d after treatment.
Sup Table 5 . Genes that were differentially expressed in infected locusts at 4 h and 6 d after treatment.
Sup Table 6 . GO terms for genes that were differentially expressed in infected and control locusts at 6 d after treatment.
Sup Table 7 . KEGG terms for genes that were differentially expressed in infected and control locusts at 6 d after treatment.
Sup Table 8 . KEGG terms for genes that were differentially expressed in infected and control locusts at 4 h after infection.
Sup Table 9 . KEGG terms for genes that were differentially expressed in the control group at 4 h and 6 d after infection.
Sup Table 10 . KEGG terms for genes that were differentially expressed in the treated group at 4 h and 6 d after infection.
